Abstract
Introduction
The Ag-Bi-Ni system attracts interest due to its importance in high temperature lead-free soldering. Bi-Ag eutectic based alloys with alloying additions and hypereutectic Bi-Ag [1] [2] [3] alloys are considered as possible replacement for Pb-Sn solders, whereas Ni is sometimes used for metallization [4] . The knowledge of the Ag-Bi-Ni phase diagram is crucial for better understanding of interfacial chemistry of such joints [1] . The only published assessment of the Ag-Bi-Ni phase diagram [5] is based on the limited amount of experimentally obtained data, namely DTA data for 7 alloy compositions and metallograpic analysis of samples annealed at four different temperatures. Although the authors [5] provided the set of thermodynamic parameters for the liquid phase, it has to be stressed that the ternary interaction parameters were estimated, as no experimental thermodynamic data for the liquid phase were available at a time. In the scope of the COST Actions 531 and MP0602, the thermodynamic databases were developed [6, 7] , containing data of limiting binaries of the Ag-Bi-Ni system, so a need for the reassessment of the Ag-Bi-Ni phase diagram occurred in order to provide data for the COST MP0602 database.
The equilibrium saturation method, which was applied in this paper, belongs to a group of methods [8] enabling determination of the activity coefficient of one component in a solution. The basic condition is that (a) this component is significantly more volatile (i.e. its vapor pressure at the test temperature is a few orders of magnitude higher) than the remaining components and (b) its activity coefficient in a reference alloy is known. This method was successfully applied to determine activity of Bi in BiNi alloys [9] at 1773 K. The experimental data [9] agree with the activity calculated from assessed thermodynamic data; in particular, the activity of Bi showed the positive deviation from additivity up to 0.55 mole fraction of Bi and slight negative deviation above that mole fraction [9] . In the case of the Ag-Bi system, the activity of Bi determined by electromotive force measurements [10] shows positive deviation from additivity above 0.2 mole fraction of Bi at 1000 K.
The aim of this work is to determine activity of Bi in liquid Ag-Bi-Ni alloys experimentally and compare it to the values calculated on the basis of data of Gao et al. [5] , COST 531 and MP0602 databases [6, 7] .
Experimental
The experiments were carried out by means of the equilibrium saturation method [11] [12] [13] [14] in a set of graphite cells placed in an isothermal zone of the resistance furnace (see Fig. 1 in [13] ). Half of the cells contained the studied Ag-Bi-Ni alloys, while the other half contained the reference alloys -Cu-Bi or Sn-Bi. During the experiments, the system had to attain the state of equilibrium, in which bismuth activities will be equal in all alloys. The equilibrium was executed through the gaseous phase. Since the vapor pressure = 6,27*10 -1 Pa, p * Ni = 7.41*10 -9 Pa, at T=1273K: p = 2.17*10 -7 Pa [15] ), it can be assumed that only pure bismuth vapor was present in the gaseous phase. Due to the fact that only Bi evaporated, the amount of Ag and Ni in alloys did not change during experiments and their ratio remained fixed. Alloys of appropriate compositions were prepared by melting carefully weighed masses of metals (Ag 99.99 wt%, Bi 99.999 wt%, Ni 99.99 wt%). In order to limit evaporation of Bi during melting and ensure good mixing, the alloys were induction melted [16] in quartz crucibles. The compositions of the alloys after saturation were determined by the weighing. It had been established in the preliminary tests, that at 1173 K, the time necessary to reach equilibrium was 180 min and at 1273 K -150 min. The argon (99.999 %) pressure was 1 hPa at 1173K and 3 hPa at 1273K, respectively. The time, necessary to reach equilibrium was not determined precisely and the saturation time in the tests was longer -6 hours at 1173K and 5 hours at 1273K, respectively.
The bismuth loss was between 2 and 15 mass% and depended on the time of saturation. The highest bismuth loss (15%) was caused by leaving a small leak in the apparatus in order to check if the bismuth loss influences the attainment of the equilibrium. The equilibrium was reached, so the bismuth loss does not influence the attainment of the equilibrium state.
At the equilibrium state, the activity of Bi is the same in all of the samples inside a closed system. If the activity of Bi in the reference Cu-Bi and Sn-Bi alloys is known, it is possible to calculate the activity of Bi in the Ag-Bi-Ni alloy:
denote equilibrium mole fractions of Bi in Ag-Bi-Ni, Sn-Bi and Cu-Bi respectively, and
are corresponding activity coefficients of Bi.
Results and discussion
The activities of bismuth in liquid Ag-Bi-Ni alloys at 1173 and 1273 K were determined by the equilibrium saturation method. The activity coefficient of bismuth in the alloys,  Bi(Ag-Bi-Ni) , was determined by Eq. (2) or (4) . The values of activity coefficient of Bi ( Bi ) in reference alloys were calculated using relations (5) and (6) and binary interaction parameters for Bi-Cu [17] and Bi-Sn [18] (see Table 1 ):
where:
is excess Gibbs free energy of Bi, R is universal gas constant, T is absolute temperature, are binary interaction parameters, X X is mole fraction of the second component in binary Bi-X liquid solution. Fig. 1 illustrates the activity of Bi determined at 1173 K, whereas Fig. 2 illustrates the activity of Bi in the liquid Ag-Bi-Ni alloys determined at 1273 K. The experimental data (Tables 2-5) are represented by squares in the case of the Bi-Cu liquid reference alloy and by triangles in the case of the Bi-Sn liquid reference alloy. Continuous line corresponds to the activity of Bi calculated with the use of set of binary and ternary interaction parameters from Gao et al. [5] assessment, while the dashed line corresponds to activity calculated based on binary interaction parameters from the COST531 and COST MP0602 databases [6, 7] . There are certain discrepancies between the activities calculated based on both sets of interaction parameters. In the case of the COST dataset, the activity of Bi shows negative deviation from additivity over the whole concentration range and this negative deviation deepens with decreasing Ag to Ni mole fraction ratio. In the case of the Gao et al. [5] dataset, on the other hand, for section of X Ag /X Al = 4/1, the s-shaped activity dependence on Bi concentration shows the negative deviation up to about 0.4 mole fraction of Bi and positive above the mentioned fraction. For section of X Ag /X Ni = 3/2 the range of positive deviation is reduced to approximately 0.5 -0.7 mole fraction of Bi, whereas for section X Ag /X Ni = 2/3 the activity of Bi shows negative deviation over the whole concentration range despite the sshape being retained. It should be noticed that the difference between activities calculated from both datasets decreases with decreasing X Ag /X Ni ratio. The comparison between the experimental activity data and those calculated thermodynamically indicates that for sections X Ag /X Ni = 4/1 and 3/2 the experimental data are more similar to data calculated from the COST dataset than those calculated from the Gao et al. [5] dataset. For section X Ag /X Ni = 2/3 the experimental data show smaller deviation from those calculated on the basis of the Gao et al. dataset. Nevertheless, since experimental data show slight negative deviation over the whole concentration range and this . . . . 
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